In order to reduce the energy loss during longitudinal ventilation for highway tunnels, a guiding vane was proposed to be installed on the tunnel dome in the downstream of the air supply outlet. e effects of the guiding vane's angles and equivalent heights on the effectiveness of tunnel ventilation were investigated by the numerical simulation using the CFD approach. When the installation angle of the guiding vane was 2∼5 degrees and the equivalent height was 0.20∼0.35, the guiding vane played a significant role in drag reduction. Under the circumstances, the pressure-rise of air supply outlet was the maximum. e required distance for pressure-rise was approximately 90∼115 m that was not affected by the average air velocity in the tunnel and the structure parameters of the guiding vane.
Introduction
Tunnel ventilation systems are needed to maintain air quality to ensure the safety of personnel in the tunnel [1] [2] [3] [4] . In recent years, the application of shaft blowing and exhausting longitudinal ventilation systems in highway tunnels has significantly increased. However, high-energy consumption in the ventilation systems has always been a difficulty that limits the development of tunnel engineering.
Researchers have been focusing on the optimization of ventilation equipment and local structures in the ventilation systems. For instance, efforts have been made to optimize the structure of flow field in tunnels by optimizing fan distance, air supply angle, and the parameters of local geometry in order to reduce ventilation resistance and thus the operation costs of the ventilation systems. Basing on an experimental study, Ishida [5] found that installation of an air deflector at the outlet of the fan could improve pressure regulation of the jet fan. A series of experimental studies on the longitudinal ventilation system were conducted by Pavesi et al. [6] , and they concluded that the high velocity of the jet flow, the friction loss on the wall of tunnel, and the vortex loss nearfan were the main factors of the decrease of the efficiency of jet fan. According to a numerical study using the CFD approach, Betta et al. and Lee et al. [7] [8] [9] found that the friction loss between the airflow and the top wall of tunnel could be reduced when the inlet and outlet of the jet fan were installed at the optimum angle. Fan et al. [10] proposed that the pressure-rise effect of the jet fan was related to the position of the fan, and they obtained the optimum longitudinal and horizontal distances of the jet fan. Wang et al. [11] [12] [13] conducted comprehensive analysis on the characteristics of the jet flow for a special curved highway tunnel through numerical simulation. ey concluded it with an optimum installation angle of 3 degrees. It is also pointed out that the optimum installation angle and distance of the jet fan in a curved highway tunnel were remarkably different than that in a straight one. Shi and Xia [14] performed numerical analysis for the optimization of flow field in the short duct of the highway tunnel and concluded that the optimum length of short duct was in the range of 65-80 m. Zhang et al. [15] established the formula to precisely predict the local loss of the bifurcation tunnel with an angle from 5 to 15 degrees basing on laboratory experiments and numerical simulation. Li et al. [16] stated that the use of an 80 degree-bent air duct could be as an alternative for a straight curved air duct with guiding vane installed in order to solve the problem of curve vortex losses in tunnel ventilation systems.
However, it lacks of the study on the optimization and improvement of the tunnel ow eld structure of the downstream of air supply outlet in the shaft blowing and exhausting longitudinal ventilation system. In general, the air supply outlet of the ventilation system is located at the tunnel dome, and the average air velocity at the air supply outlet can be as high as 25-30 m/s [17] . In comparison, the air velocity in the tunnel short duct is much smaller.
erefore, it is more feasible to form a wall-attached jet in the tunnel short duct, leading to substantial losses of wall friction and vortex. In this study, a guiding vane was proposed to be installed on the tunnel dome in the shaft blowing and exhausting longitudinal ventilation systems to optimize the ow eld structure of the tunnel.
e e ects of installation angles and equivalent heights on the ventilation energy consumption were investigated by numerical simulation using the CFD approach to determine the optimum structure parameters of the guiding vane. is study will shed light on the design of ventilation system for highway tunnels.
Model Development

Model Description.
e cross section of an extra-long highway tunnel is shown in Figure 1 . e tunnel has a width of 13.69 m and a height of 8.46 m. e area of the cross section of the tunnel is approximately 97.18 m 2 .
e hydraulic diameter (D t ) is 10.06 m, and the height of the air supply outlet is 1.8 m.
Based on the original structure of the longitudinal ventilation system, a guiding vane was installed on the dome at the downstream of the air supply outlet. Figure 2 presents the schematic of installation of guiding vane in the local shaft blowing and exhausting longitudinal ventilation system. Parameters of the local longitudinal ventilation system are shown in Figure 3 .
e guiding vane was symmetrical at two ends of the tunnel, and it had an angle of α with respect to longitudinal direction of the tunnel.
e distance between the lowest point of the guiding vane and the dome of the tunnel was de ned as h, and the air supply outlet was located at X 60 m. Considering the in uence distance of the pressurerise generated by the air supply outlet and the stability of the ow eld, the length of the tunnel was set as 300 m. e length of the upstream section of air supply outlet was 60 m, and the length of the section in the downstream was 240 m.
Mesh.
e accuracy of the simulation is a ected by the number of cells in the model and the step size when performing numerical analyses on air ow and other issues for tunnels. In this study, three di erent sizes of mesh (A, B, and C) were adopted as shown in Table 1 . e di erences of the static pressure and velocity distribution in tunnel were used to assess the advantages and disadvantages of di erent mesh sizes. Figure 4 shows static pressure pro les at di erent positions at X-axis with the average air velocity of the tunnel short duct u 2 m/s. Figure 5 shows velocity pro les at di erent positions at Z-axis with the average velocity of the tunnel short duct u 2 m/s, X 100 m, and Y 0.5 m. As shown in Figure 4 , the results obtained by the three mesh sizes were the same, and there was almost no di erence in the distribution of the static pressure. However, in Figure 5 , the velocity at di erent positions at Z-axis by mesh A was signi cantly di erent from meshes B and C. e discrepancy was much less between mesh B and mesh C. Consequently, mesh B was selected in the model for achieving relatively high calculation accuracy and e ciency.
Governing Equations.
In recent years, the Standard k-ε turbulence model of CFD has been e ectively veri ed, and it has been widely used in the analyses of ventilation for tunnels. In this study, the standard k-ε turbulence model was adopted to simulate the ow eld for tunnels [18] [19] [20] . e governing equation of the uid ow can be expressed as the follows:
(1) Incompressible continuity equation:
(2) Incompressible momentum equation:
(3) Standard k-ε turbulence model: Advances in Civil Engineering
where ρ is the fluid density, kg/m 3 ; u i and u j are the velocity components of the fluid, respectively, m/s; u i ′ and u j ′ are the corresponding fluctuation component, m/s; ε is the pressure on the fluid microelement, Pa; μ is the dynamic viscosity, Pa·s; μ t is the turbulent viscosity, Pa·s; k is the turbulent kinetic energy, m 2 /s 2 ; ε is the dissipation rate, m 3 /s; σ k and σ ε are the Prandtl numbers corresponding to the k and ε equations, respectively. Based on the previous experimental results, the values of coefficients in above equations are suggested as C μ � 0.09, C 1 � 1.44, C 2 � 1.92, and σ ε � 1.3.
Boundary Conditions.
e tunnel short duct inlet was set as the boundary of velocity inlet with the average air velocity u � 1 m/s, 2 m/s, and 3 m/s respectively. e tunnel outlet was set as the boundary of the pressure outlet. e air 
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supply outlet was set as the boundary of velocity inlet, and the average air velocity was 30 m/s. e standard nonslip stationary wall boundary condition was applied on the wall of the tunnel.
Results and Discussion
In this study, the structural parameters of the guiding vane in the model are shown in Table 2 . It is noted that h t is the equivalent height of the guiding vane, and h t � h/D t , h is the height, D t is the hydraulic diameter of the cross section of tunnel, h tc is the critical equivalent height of the guiding vane, and α is the installation angle of the guiding vane. Under the same working conditions, the greater the difference of static pressure between the inlet and outlet of the tunnel is, the higher the pressure-rise of the air supply outlet will be. e difference of the static pressure can be expressed as Δp � p out − p in , where p out is the static pressure at the tunnel outlet and p in is the static pressure at tunnel short duct inlet. Figure 6 shows the relationships between Δp and α for various h t . It is noted that the average air velocity at the tunnel short duct inlet were u � 1 m/s, 2 m/s, and 3 m/s, respectively. It is indicated that the difference of the static pressure changed parabolically with α. When the equivalent height of the guiding vane h t < 0.35 and the installation angle of the guiding vane α � 2°∼5°, a peak value of the difference of the static pressure was clearly observed and denoted as Δp e . As the equivalent height of the guiding vane increased, Δp e increased as shown in Figure 6 (a With the increase of the average air velocity of the short duct inlet, Δp decreases at both the same angle of guiding vane and equivalent height. Under the same working conditions, the greater the difference of static pressure between the inlet and outlet of the tunnel is, the higher the pressure-rise of the air outlet will be. Consequently, the air supply outlet pressure-rise reached the maximum when the installation angle of guiding vane was in the range of 2°∼5°. Figure 7 shows the relationships between Δp and h t for various α. It is noted that the average air velocity at the tunnel short duct inlet were u � 1 m/s, 2 m/s and 3 m/s, respectively. As shown in Figure 7 , it is found that when the h t was less than a certain critical equivalent height h tc, the difference of the static pressure did not change significantly, and the slope of the curve varied gradually. However, when the h t was greater than the h tc , with the increasing of equivalent height of the guiding vane, the difference of the static pressure changed substantially, and the slope of the curve varied steeply. Meanwhile, h tc increased with the increase of the installation angle of the guiding vane. erefore, h tc does not exist when the angle of the guiding vane was relatively large. For example, as shown in Figure 7 (a), when α � 4°, h tc was about 0.1; when α � 10°, h tc was about 0.225; and when α � 16°, h tc was about 0.3. When the equivalent height of the guiding vane fell in the range of 0 < h t < h tc , the difference of the static pressure first increased and then decreased, exhibiting a comparably parabolic type of distribution. Comparing Figures 7(a) and 7(b) with 7(c), it is found that, with the increase of the average air velocity at the tunnel short duct inlet, the critical equivalent height h tc was almost constant if the angle of guiding vane was small (e.g., α � 4°). However, with the increase of the angle of guiding vane, the change in the difference of the static pressure was more likely affected by the equivalent height. For example, as shown in Figure 7 (c), when α � 10°, h tc was about 0.3, while when α � 16°, the equivalent height of the guiding vane was in the range of 0.025∼0.4, thereby there was no critical equivalent height h tc . Comparing Figures 7(a) and 7(b) with 7(c), it is also demonstrated that, with the increase of the average air velocity at the tunnel short duct inlet, the difference of the static pressure decreases at the same installation angle and the equivalent height of the guiding vane. Considering the restrictions on the installation height of the guiding vane for highway tunnels, when the installation angle is selected within the range of 2°∼5°, the optimum equivalent height of the guiding vane is 0.2∼0.35, and the pressure-rise of air supply outlet will be significantly increased as shown in Figure 6 . Figure 8 shows the distribution of the static pressure at X-axis for the tunnel with α � 4°and 10°. It is indicated that the pattern of variation of the static pressure at X-axis was not affected by the structural parameters of the guiding vane and the average air velocity at the tunnel short duct inlet. Additionally, the pressure-rise increased significantly when the guiding vane was with the optimum structural parameters. From the tunnel short duct inlet to air supply outlet, the change of the static pressure in the tunnel was small. When the distance was within 15 m (i.e. X � 75 m) away from the air supply outlet, the static pressure in the tunnel did not increase rapidly. When the distance was greater than 15 m, the tunnel static pressure rapidly increased. And, it reached the maximum when X � 150∼175 m, and then the static pressure gradually decreased due to the loss of friction resistance along the tunnel. From the distribution of static pressure, it also indicated that the distance required for the pressure-rise was approximately 90∼115 m, and it was not affected by the average air velocity of tunnel short duct inlet and the structure parameters of the guiding vane. Comparing Figures 8(a) with 8(b) , the slope of curves were reduced when the average air velocity of the tunnel short duct inlet increased from 1 m/s to 3 m/s, which demonstrated that the effectiveness of the pressurerise was lowered. Comparing Figures 8(a) with 8(c) , as the installation angle of the guiding vane increased from 4°to 10°, the slope of curves declined considerably, revealing that the effectiveness of the pressure-rise was reduced significantly. Figure 9 shows the local distribution of streamlines on the X-Z plane of the tunnel 
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with average air velocity of the tunnel short duct inlet u � 1 m/s. Figure 10 shows the local distribution of streamlines on the X-Z plane of the tunnel with average air velocity of the tunnel short duct inlet u � 1 m/s and Y � 0.5 m. In Figures 9 and 10 , it is found that the vortex appeared on both sides of the air outlet in the downstream of the tunnel, which interfered with the flow of fluid in the tunnel and increased the pressure loss in the ventilation system. However, when the guiding vane was set up with the optimum structural parameters, the influencing zone induced by the vortex was minimized. As shown in Figure 9 , before the guiding vane was set up, i.e., α � 0°, h t � 0, the length of the vortex along the tunnel reached 10.5D t, ; when α � 4°, h t � 0.300, it was reduced to 7D t ; and when α � 10°, h t � 0.300, it was increased to 9D t . erefore, by setting up the guiding vane with the optimum structure parameters at the air supply outlet, the vortex effect on the tunnel flow field of the downstream of the air supply outlet can be significantly minimized, and the pressure loss in the ventilation system can be also reduced. Comparing Figure 9 with Figure 10 , it is demonstrated that the higher the average air velocity at the tunnel short duct inlet is, the smaller the influencing zone induced by the vortex in the tunnel will be. Figure 11 shows the local distribution of velocity on the X-Y plane with the average air velocity of tunnel short duct inlet u � 1 m/s. Figure 12 shows the local distribution of velocity on the X-Y plane with the average air velocity of tunnel short duct inlet u � 3 m/s. In Figure 11 , it is found that the air velocity near the dome was relatively high, and there was a negative velocity area in the downstream of the air supply outlet. e existence of the area led to the generation of vortex and energy loss. Also, the friction between the high velocity fluid near the dome and the wall in the tunnel caused energy loss. Comparing Figures 11(a) and 11(b) with 11(c), it is indicated that when the guiding vane was set up with the optimum structural parameters, the negative velocity area was minimized, and the velocity at the dome was also greatly decreased. For example, as shown in Figure 11 , at X � 105 m, the velocity at dome was about 20 m/s (shown in Figure 11 (a)), whereas it was 15 m/s (shown in Figure 11(b) ) and 18 m/s (shown in Figure 11(c) ). Comparing Figure 11 with Figure 12 , the velocity negative area and the average air velocity in the tunnel dome decreased with the increase of average air velocity at the short duct inlet. Hence, the wall friction and the energy loss of the ventilation system can be reduced considerably with the guiding vane set up with the optimum structural parameters. Figure 13 shows the distribution of velocity at different positions at Z -axis with u � 2 m/s, Y � 0.5 m. It is noted that α � 0°referred to the condition without the guiding vane. As shown in Figure 13 , the velocity was symmetrically distributed along the Z -axis, and the velocity was close to zero near both sides of the tunnel wall. Without the guiding vane (shown in Figure 13(a) ), at the early stage of development of jet, such as X � 80 m, due to the entrainment effect from the high velocity jet near the tunnel dome, the velocity distribution of the low velocity fluid in the tunnel short duct fluctuated and reached two minimum values on both sides of the tunnel. It is because the backflow of the downstream of air supply outlet caused an increase in the velocity near the wall of the tunnel. With the further interaction of the two fluids, at X � 100 m, the velocity in the center of the tunnel decreased significantly to the minimum, and even smaller than that at the short duct inlet, which indicated that the backflow effect was more prominent. At the later stage of the development of 
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the jet, the velocity in the center of the tunnel gradually increased, and it was parabolically distributed with respect to the Z-axis. Subsequently, the velocity distribution gradually became stable. When the guiding vane was set up, α � 4°, h t � 0.3, as shown in Figure 13 (b), the velocity disturbance zone was significantly reduced, and the velocity distribution was more stable in the area. At X � 100 m, the velocity in the center of the tunnel had a small change, and the extremum corresponding to the minimum velocity shifted to both sides. At X � 120 m, the minimum velocity disappeared. With the increase of the installation angle of the guiding vane, the velocity disturbance zone by the jet gradually increased as shown in Figure 13(c) . erefore, it is demonstrated that the air velocity in the tunnel tends to be more stable, which not only reduces the disturbance zone of the flow field induced by the jet but also reduces the energy loss.
Conclusions
In this study, a local 3D physical model was proposed for the shaft blowing and exhausting longitudinal ventilation for highway tunnel. A guiding vane was proposed to set up on the tunnel dome at the downstream of the air supply outlet to change the characteristics of flow field. CFD approach was also used to simulate the effects of installation angle and height of the guiding vane on the ventilation systems. Main conclusions from this study can be drawn as the follows:
(1) By setting up the guiding vane with the optimum structural parameters at the downstream of the air supply outlet, the effects from the vortex and the air velocity of the dome wall were significantly minimized, which was found to play a significant role in drag reduction.
(2) Under the same working conditions, the greater the difference of the static pressure between the inlet and outlet is, the greater the pressure-rise of the air outlet will be. It is concluded that the optimum installation angle of the guiding vane was in the range of 2°∼5°, and the optimum equivalent height of the guiding vane was in the range of 0.2∼0.35. With the optimum structural parameters of the guiding vane, the frictional loss and vortex loss in tunnel were greatly reduced, leading to a substantial reduction of the energy loss in the ventilation system. (3) e required distance for the pressure-rise was approximately 90∼115 m, and it is not a ected by the average air velocity in the tunnel short duct inlet and the structural parameters of the guiding vane.
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